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FORESTED BUFFER ZONES 
Pilot Studies on Efficiency in Reducing Surface and 
Shallow Groundwater Nutrient Inputs to Estuarine Waters. 
INTRODUCTION 
Excessive nutrient loadings to the Chesapeake Bay over the past several 
decades have been implicated as a contributing, if not principal, factor in 
the decline in natural resources of the Bay and its major tributaries. 
Heinle et al. (1980) and D'Elia (1982) have summarized the historical data 
and documented the changes in water quality that have been particularly 
evident in the northern Bay and the western shore tributaries. The 
hypothesized consequences of nutrient enrichment include reduced yields of 
harvestable natural resources (shellfish and finfish) and declines in 
natural stands of submerged aquatic vascular plants (Orth and Moore, 1983; 
Wetzel and Penhale, 1983). 
Point and non-point sources determine excess nutrient loadings and 
account for the longer-term trends of increasing nutrient concentrations in 
receiving waters. Within the Chesapeake Bay drainage basin, nonpoint 
sources, particularly agricultural inputs, are significant contributors to 
the total nitrogen and phosphorus loadings. Within the York River basin, as 
an example, agricultural inputs during 1985 were estimated to account for 
66% of the nitrogen load and 39% of the phosphorus load in the river 
(Virginia Council on the Environment, 1987). In response to this situation, 
1 
efforts to reduce nutrient loadings have been focused on implementation of 
best management practices in croplands. 
Best management practices for croplands include modification of 
conventional tillage and cultivation practices, utilization of alternative 
fertilizer/herbicide formulations and application procedures, and 
establishment/maintenance of runoff control devices such as buffer strips. 
The concept of buffer strips is based on the assumption that forcing 
nutrient and sediment laden runoff from a cropland to pass through a 
vegetated strip prior to entry to surface waters will reduce the ultimate 
loading of those water bodies. In general this makes sense since any 
vegetation on buffer strips can baffle the flow of surface runoff reducing 
its ability to transport sediments. Additionally the vegetation should 
possess a requirement for nutrients which can, in part, be satisfied by 
uptake of the runoff-born fertilizers. Hence the concept of vegetated 
buffer strips, both grassed and forested, is currently both in use and under 
investigation. 
Studies conducted to date indicate that vegetated buffer strips are 
indeed effective for removal of sediments, nitrogen and phosphorus. 
However, site specific differences do exist and some limitations on 
potential performance remain difficult to predict. As an example, recent 
work by researchers at the Virginia Polytechnic Institute and State 
University documented the effectiveness of vegetated filter strips in 
removal of sediment and phosphorus, from agricultural runoff (Dillaha, 
1986b). However, the same group found that in actual use the performance of 
filter strips varied significantly dependant on site characteristics and 
maintenance efforts (Dillaha, 1986a). 
2 
Forested buffer strips specifically have not been the subject of a 
large number of investigations. Peterjohn and Correll (1984), studying 
surface runoff and shallow groundwater movement from a small agricultural 
watershed in Maryland, found that as the water moved through a riparian 
forest there were substantial reductions in nitrogen and phosphorus loading 
of surface waters and a large removal of nitrate from subsurface water 
flows. They concluded that nutrient removal in the riparian forest was 
ecologically significant to the adjacent receiving waters and indicated that 
a coupling of natural systems and managed habitats might serve to reduce 
non-point source pollution. A study of riparian forests in Georgia by 
Lowrance et al. (1984) reached similar conclusions, suggesting that forested 
buffer strips could serve as both short term and long term nutrient filters 
and sinks if the trees were periodically harvested. Working in the North 
Carolina coastal plain, Jacobs and Gilliam (1985) concluded that forested 
buffer strips less than 16 meters wide were effective for inducing 
significant losses of nitrate in drainage waters from agricultural fields. 
The losses were reportedly due primarily to denitrification in the buffer 
strip rather than assimilation by the vegetation. These studies, as well as 
studies on related systems, all agree that buffer strips are effective 
nutrient filters or sinks. It is not yet clear however, which 
characteristics of these systems are most important in determining their 
effectiveness, and therefore which aspects are most important to manage. 
OBJECTIVES 
This study was designed as a pilot study with the intent of identifying 
important considerations for the design and conduct of an investigation of 




was to conduct a small preliminary study on a single site using the 
opportunity to investigate a number of potential sampling methods. 
METHODS 
Site Selection, Existing forested buffer strips in the mesohaline and 
oligohaline reaches of the York River drainage basin were sampled by a 
combination of aerial and ground surveys. Physical and biological 
characteristics of a variety of sites were noted in an attempt to identify 
variables which might be significant in determining the effectiveness of a 
buffer strip. Identification of variables was done subjectively, with no 
attempt to quantify the range of variation. 
Site Description, Study sites were surveyed with an optical Nikon 
autolevel. All elevations are relative to an arbitrary creek elevation of 
zero (actually surveyed as the base of the marsh edge on Site #1). Well 
site elevations were taken as ground surface at the midpoint between 
replicate wells at each location. 
Vegetation on each site was simply identified. All constituents of the 
overstory (taken as any plant over 2 meters in height) within ten meters of 
the well transect were included in the list. 
Sediments at each site were characterized by analyzing samples 
collected from the well borings. Color, texture and water content were 
noted for each sample during collection and organic content was determined 
in the laboratory by loss of mass on combustion. 
Water Sampling. Precipitation was measured by reference to a 
continuous recording gauge at Gloucester Point, approximately 8 kilometers 
from the field sites. On site precipitation and through-fall were collected 
in acid washed plastic containers fitted with plastic funnels and fine mesh 
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plastic screening to prevent trapping of large organic debris and/or fauna. 
Collection devices were cleaned and set at least once a week, with water 
samples removed immediately after each major rain event. 
Surface runoff was collected in modified wier structures. Collectors 
were positioned at the field/buffer strip edge and ten meters into the 
buffer strip. Collectors consisted of plexiglass wing walls, approximately 
1.2 meters long and 15 centimeters high, positioned in existing surface 
runoff channels. The collectors were installed so that any runoff 
encountering the wing walls was directed to a central collection point at 
which it was passed through a fine mesh plastic screen and collected in an 
acid washed glass jar. Due to the relatively small amounts of runoff, the 
n~ture of the sediments, and very low slopes at each collection site, no 
attempt was made to calculate volumes of runoff from either site. 
Subsurface flow collections were attempted at two depths. Shallow 
interflow collectors of several designs were attempted. All of the designs 
were passive collectors and due to the nature of the surface sediments (very 
sandy with no underlying clay layer) none were successful at either sampling 
site. The first design was a simple large bore well with a screened 
sampling port at the desired depth (10 centimeters in this study). The 
second design was an array of perforated pipe buried at the desired sampling 
depth with all pipes leading via gravity flow to a single collection point. 
This technique is a modification of the method utilized by Timmons et al. 
1977. The third design was essentially a duplicate of the wing-wall 
collectors used for surface runoff with the addition of a plastic floor in 
the collection area and with the entire device buried 10 centimeters deep in 
the soil. Only the third type of collector actually trapped water in this 






Subsurface flow was also sampled with shallow groundwater wells. The 
wells were constructed of two inch diameter PVC pipe, capped at the bottom, 
with the bottom fifty centimeters perforated and screened. The wells were 
installed in hand augered holes with rubber infiltration barriers and 
surface grouting. Each well was installed to a depth of approximately 30 
centimeters below the water table surface on the date of installation. Each 
site consisted of a transect from field/buffer strip edge to marsh or creek 
(sites #2 and #1 respectively). The initial positioning of the wells was 
arbitrary but designed to represent the entrance to the buffer strip 
("fld"), a midpoint in the buffer strip ("buf"), the transition from buffer 
strip to marsh ("upl") and a midpoint in the marsh ("msh"). At each point 
duplicate wells were installed. 
Nutrient samples were collected from the groundwater wells fortnightly. 
Each well was evacuated by hand pump within twenty four hours prior to 
sampling. Samples were collected by suction from a point five centimeters 
off the bottom of each well. Approximately 250 milliliters of ground water 
was collected from each well in acid washed plastic containers. The 
sampling apparatus was flushed with deionized water between all collections 
and samples were transported directly to the laboratory were analyses began 
within one hour of collection. 
Groundwater response to a rainfall event was determined by sampling all the 
wells immediately after a major ra~nstorm on May 4 and again one, two, four, 
seven and ten days subsequently. For each collection the wells were pumped 
within twenty four hours prior to sample collection. 
Creek samples were collected from nearshore surface waters each time 
the ground water wells were sampled. Creek samples were collected with the 
same suction apparatus used for the wells samples. 
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Nutrient Analysis. Each groundwater sample was analyzed for dissolved 
ammonia, nitrite, nitrate and inorganic phosphate. Laboratory procedures 
followed United States Environmental Protection Agency methods (1985) with 
minor modifications. Ammonia was analyzed colorimetrically with the 
hypochlorite/phenol procedure. Nitrate was reduced to nitrite by passage 
through cadmium columns and both species were measured 
spectrophotometrically after diazotizing with sulfanilamide and coupling 
with N-(1-naphthyl)-ethylenediamine dihydrochloride. Orthophosphate was 
determined by the ascorbic acid method. 
RESULTS 
Site Selection, A review of twenty eight sites within the York River 
drainage basin resulted in the list of variables potentially affecting the 
performance of a buffer strip presented in Table 1. 
The selection of the Catlett Farms site for this study was an attempt 
to sample what appeared to be one of the two general types of sites in the 
York River basin. Most of the sites reviewed were either: (1) low lying 
with poorly drained soils, typically with a clay layer less than 0.5 meters 
deep in the soil profile; or (2) moderately elevated with very well drained 
soils. The Catlett Farms site had an intermediate elevation, a moderate 
slope, and sandy soils with no shallow aquaclude. 
Site Description. The pilot study was conducted in a natural buffer 
strip on Catlett Farms in Gloucester County, Virginia. Two sites were 
selected along the northwest shore of Timberneck Creek, a tributary of the 
York River (Figure 1). Both sites had soils belonging to the Suffolk-
Eunola-Kenansville Association. This association is characterized as "deep, 




TABLE 1. Site variables found in the York River basin potentially 




2. slope (within 10 meters 
of buffer strip) 
3. surface sediments 
4. subsurface sediments 
5. crop 
6. tillage practice 
Buffer strip characteristics 
7. width 
8. slope 
9. vegetation type 
10. vegetation age 
11. surface sediments 
12. subsurface sediments 
13. drainage pattern 
14. adjacent marsh 
8 
0.5 acre to 100 acres 
-0.5% to 10% 
sandy loam to sandy clay 
sandy loam to clay 
corn or soybeans 
conventional or no-till 
5 meters to >75 meters 
5% to >50% 
monospecific coniferous to 
mixed hardwoods 
<10 years to >50 years 
organic litter to sandy loam 
sandy loam to clay 
sheetflow (rare) to highly 
channelized (typical) 
extensive or narrow fringe 
'lot\ 
FIGURE 1. Study site location on northwest shore of Timberneck 
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subsoil; at elevations of 30 to 50 feet" (Newhouse et al. 1980). The 
specific soil type at the study sites as identified in the Soil Survey of 
Gloucester County is Psamments-Hapludults complex, steep. The soil survey 
(Newhouse et al. 1980) describes this complex as follows: 
... consists of moderately steep and steep, well drained and 
moderately well drained soils that are so intermingled that 
it was not practical to map them separately. The complex is 
in long, narrow areas along streams. The areas range from 5 
to 50 acres. Slopes range from 15 to 50 percent. Psamments 
make up about 60 percent of the complex, Hapludults about 30 
percent, and other soils about 10 percent. 
Generally, the surface layer of the Psamments is 
brown loamy fine sand, loamy sand, and sand about 8 to 20 
inches thick. The substratum extends to a depth of about 60 
inches or more. It is yellowish red to yellowish brown 
loamy sand and sand. In places, gray mottles are at a depth 
of 20 to 40 inches. 
Generally, the surface layer of the Hapludults is 
pale brown sandy loam and loamy sand about 6 to 36 inches 
thick. The subsoil ranges from 14 to 44 inches thick and is 
mostly yellowish brown sandy loam and sandy clay loam. In 
places, gray mottles are in the subsoil at a depth of 30 to 
40 inches. The substratum is mostly sandy loam and loamy 
sand to a depth of 60 inches or more. 
Included with this complex in mapping are small areas 
of soils with slopes of more than 50 percent and wet soils 
at the base of slopes. Also included are small severely 
eroded areas and small sand pits and borrow pits. 
The permeability of the major soils of this complex 
is moderately slow to rapid, and available water capacity is 
low to moderate. Surface runoff is rapid. The erosion 
hazard is very severe. The underlying layers have a low to 
moderate shrink-swell potential. Roots in these soils 
extend to a depth of about 60 inches. The surface layer and 
underlying layers are commonly extremely acid to strongly 
acid. Seeps and springs are common at the lower edges of 
slopes of this complex. 
Slope and droughty conditions during the growing 
season make this complex unsuitable for cultivated crops or 
hay and poorly suited to pasture. Establishing and 
maintaining a mixture of grasses and legumes and using 
proper stocking rates, pasture rotation, and deferred 
grazing help to improve the carrying capacity of pastures on 
these soils. The droughty condition of the soils is a 
concern when selecting grasses and legumes for pastures. 
The potential for trees on these soils is moderately 
high, especially for yellow-poplar and upland oaks. Most 
areas are wooded. Seedlings survive and grow well if 
competing vegetation is controlled. Slope limits the safe 




'~ I The two sites, referred to here as #land #2, were adjacent to a 40 
acre field which was in corn during the 1987 growing season. The field was 
tilled, planted and fertilized during the first week in April. The field is 
characterized by fine sandy loams and is positioned about five meters above 
the adjacent creek. Site #l is located in a shallow drainage swale. The 
transect from field edge to creek bank crossed through 26.1 meters of 
forested buffer strip and 23.9 meters of marsh. The surface slope through 
the buffer strip was 10.6 percent. The elevation profile of Site #l is 
depicted in Figure 2. Site #2 was also located in a large drainage swale. 
This transect extended through 53.0 meters of forested buffer strip with a 
surface slope of 7.9 percent. The elevation profile of Site #2 is depicted 
in Figure 3. The vegetation at each site is listed in Table 2 and Table 3. 
It is noteworthy that on the basis of composition, individual size, and 
density, the vegetation community on Site #l appeared to be much younger 
than the community on Site #2. The composition of the sediments on both 
sites did not appe~r to differ significantly. Sediments within the forested 
buffer strip at both sites were characterized by fine sandy particles with 
low organic content below the surface layer. Table 4 lists percent organic 
content of the sediments collected from the well bore holes on each site. 
Water Sampling. The Gloucester Point precipitation record is provided 
in Table 5. Based on collection of rainfall and runoff at the study site, 
there were some significant differences between amounts of rainfall measured 
at Gloucester Point and those detected at the study site. For example, the 
May 4 runoff event sampled at the study site produced no measurable 
precipitation ~t Gloucester Point. Similarly, the three major April 
rainfall events recorded at Gloucester Point did not produce any runoff at 
the study site. 
11 
FIGURE 2. Study Site #l elevation profile. Well site locations 
identified as "fld" = field edge next to buffer strip, 
"buf" = middle of forested buffer strip, "upl" = buffer 
strip edge next to marsh, "msh11 """middle of fringe 
marsh, "erk"= creek next to marsh edge 
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FIGURE 3. Study Site #2 elevation profile. Well site locations 
identified as 11 fld 11 = field edge next to buffer strip, 
"buf" = middle of forested buffer strip, "upl" = buffer 
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TABLE 4. Well borings percent organic content 
Site #l 
depth WELLS 
(cm) fld buf upl msh 
30 2.35 11.04 8.82 19.54 
60 1. 79 2.73 1.46 33.03 
90 0.65 0.90 45.26 13.33 








(cm) fld buf upl 
30 3.53 3.97 5.61 
60 2.39 2.04 1.17 
90 1.16 1.12 0.44 





TABLE 5. Rainfall recorded at Gloucester Point, Virginia from January 1 to 
July 31, 1987. (values are in inches, x = missing record) 
DAY JAN FEB MAR APR MAY JUN JUL 
1 X 0 0.68 0 0 0 0 
2 X 0 0 0 0.07 X 1.00 1.-, 3 X 0 0.01 0.29 0 X 0 
4 X 0 0 0.36 0 X 0.03 
5 X 0 0 0 0 X 0 
6 X 0 0 0 0 X 0 
7 X X 0 0 0 X 0 
8 0 X 0.14 0.01 0.07 0 0 
,~ 9 0 X 1.08 0 0 0.02 0 
10 0.47 0 0.18 0 0 0 0 
11 0.05 0 0 0 0 0 0 
12 0 0.24 0 0.16 0 0.12 0 
13 0 0 0 0 0 0.03 0 
14 0 0.04 0 0 0 0 0 
15 0 0 0 0.26 0 0 0 
~ 16 0.05 0 0.10 0.65 0 0.01 0.20 
17 0.02 0 0 0 0 0 0 
18 1.53 0 0 0 0.30 0 0 
19 2.26 0 0 0.01 0.12 0 0 
20 0 0 0 0 0.18 0.04 0 
21 0 0 0 0 0.12 0 0 .. 22 1.42 0.95 0 0 0 0 0 
23 0 0.55 0 0 X 0.11 0 
24 0 0 0 1.18 X 0 0 
25 0 0 0 0.24 X 0 0 
26 0.08 0 0 0 X 2.14 0 
27 0 0 0.25 0 X 0 0 
28 0.01 0.36 0.29 0.05 X 0 0 
29 0 0 0 X 0 0 
30 0.20 0.07 0 X 0 0 
31 0 0.39 X 0.01 
TOTAL 6.09 2.14 3.19 3.21 0.86 2.47 1. 27 
17 
An amount of rainfall and throughfall sufficient to support nutrient 
analyses was collected on three occasions. Unfortunately, on two of those 
times samples were contaminated by organic matter (insects and bird 
droppings). The one successful sampling produced the results listed in 
Table 6. 

















During the course of this study, rainfall sufficient to produce surface 
runoff occurred on only two occasions. On only one of those times was there 
a volume sufficient to move into the buffer strip far enough to be sampled 
by the buffer strip collector. Results of that sampling are reported in 
Table 7. The data suggest forested buffer strips may be effective at 
reducing the loadings of dissolved inorganic nitrogen and inorganic 
phosphorus 
TABLE 7. Nutrient concentrations (micromolar) in runoff collected at 
the field edge and ten meters into the buffer strip. 
nutrient field edge buffer strip difference 
NH4 116.32 70.17 -46.15 
N02 4.92 0.52 -4.40 
N03 40.15 1.46 -38.69 











Estimation of the rate of groundwater movement along each study site 
was accomplished by applying Dupuit's formula (see Verruijt 1970 or Davis 
and DeWiest 1966 for further explanation) 
2 2 Q = (kB(H1- H2))/2L 
where: Q = discharge from the transect 
k coefficient of permeability 
B = width of discharge point 
H1= water table elevation at field edge 
H2= water table elevation at discharge point 
L = length of transect 
For purposes of this study the coefficient of permeability was taken to be 
-3 -1 10 cm sec , the width of the discharge point was arbitrarily set at 100 
centimeters, water table elevations were relative to the creek elevation of 
0 used in the surveying, the discharge point was assumed to be the edge of 
the forested buffer strip (the 11 upl" well site) and the length of the 
transect was the distance between the "fld" wells and the "upl" wells. For 
Site #land Site #2 the formula values and calculated discharge per meter of 
buffer strip were: 
coefficient k 
discharge width B 
water table elev H1 
water table elev H2 
transect length L 
discharge rate Q 
Site #l 





3 -1 1. 95 cm sec 
19 
Site #2 





4.42 3 -1 cm sec 
I~ 
Nutrient Analysis. Results of the fortnightly sampling of shallow 
groundwater wells on each site are reported in Tables 8, 9, 10 and 11. Each 
table contains data for a single dissolved inorganic nutrient species. The 
top portion of the tables present individual measurements from all wells in 
the sampling array. Values from duplicate wells were averaged for further 
analysis and are presented in the bottom portion of each table. The average 
values are the ones graphed in Figures 4 through 11. 
Analysis of ammonia concentrations in the shallow groundwater wells on 
Site #l (see Table 8 and Figure 4) indicate a tendency for reduced levels as 
groundwater moved into the buffer strip. However, the influence of the 
anaerobic conditions in marsh sediments at the edge of the forested buffer 
strip results in increased ammonia concentrations at the upland and marsh 
well locations. Results at Site #2 are less clear (see Table 8 and Figure 
5). There is no consistent change in ammonia concentrations moving from the 
field edge into the buffer strip. The influence of adjoining wetlands can 
be seen in the upland well results. 
Nitrite concentrations in shallow groundwater at Site #l were variable 
during the course of this study but generally showed a decline moving from 
field to creek (see Table 9 and Figure 6). At Site #2 there were no 
consistent trends but the concentrations were all quite low (see Table 9 and 
Figure 7). 
Nitrate concentrations at Site #l indicate a total loss of the nutrient 
in groundwater in the marsh wells (see Table 10 and Figure 8). There was no 
clear trend of concentrations moving from the field edge to the buffer strip 
wells, but levels dropped to less than 3 micromolar at the upland edge wells 
and to O micromolar in the marsh wells. With the exception of the final 
20 
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TABLE 8. Groundwater well NH4 concentrations (micromolar) 
well id date 
4-3 4-16 4-30 5-13 5-28 6-11 6-25 
site #l 
fld al 9.20 4.58 3.44 5.11 2.29 8.66 5.20 
~ fld a2 13.00 10.96 3.65 2.81 4.94 
buf bl 4.20 2.80 4.04 3.98 2.55 3.08 16.56 
buf b2 7.10 4.22 7.39 2.30 4.80 5.37 2.35 
upl cl 11.40 13.75 5.42 12.61 5.60 10.43 4.77 
upl c2 12.00 8.84 15.22 17.18 11. 75 37.91 14.69 
msh dl 13.20 23.06 9.97 9.07 16.44 4.98 2.53 
msh d2 29.80 29.82 12.17 29.04 19.95 33.95 15.56 
site #2 
fld 11 8.80 5.02 3.45 5.01 6.42 0.68 
fld 12 5.10 3.58 7.12 2.93 5.67 3.80 0.69 
buf 21 4.10 5.23 10.58 2.45 
buf 22 6.39 7.32 
upl 31 4.18 4.61 2.49 6.28 25.12 1.80 
upl 32 5.50 5.28 7.05 3.17 8.88 31.47 1.51 
erk 1 2.80 2.33 4.52 7.18 1.58 3.38 14.47 
erk 2 4.30 2.74 5.53 7.54 2.12 4.68 17.68 




fld 11.10 4.58 7.20 4.38 2.55 6.80 5.20 
buf 5.65 3.51 5.72 3.14 3.68 4.23 9.46 
upl 11. 70 11. 30 10.32 14.90 8.68 24.17 9.73 
msh 21.50 26.44 11.07 19.06 18.20 19.47 9.05 
erk 3.55 2.54 5.03 7.36 1. 85 4.03 16.08 
site #2 
fld 6.95 3.58 6.07 3.19 5.34 5.11 0.69 
buf 4.10 5.81 8.95 2.45 
upl 5.50 4.73 5.83 2.83 7.58 28.30 1.66 
erk 3.55 2.54 5.03 7.36 1.85 4.03 16.08 






FIGURE 4. Site #l groundwater well ammonia concentrations 
(micromolar) measured during fortnightly sampling (day 
1 = April 3, 1987) 
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FIGURES. Site #2 groundwater well ammonia concentrations 
(micromolar) measured during fortnightly sampling (day 
1 = April 3, 1987) 
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1• TABLE 9. Groundwater well N02 concentrations (micromolar) 
well id date 
4-3 4-16 4-30 5-13 5-28 6-11 6-25 
site #l 
fld al 4.61 2.03 4.61 14.48 1.36 0.96 3.61 
di\ fld a2 4.40 8.69 4.47 4.04 1.27 
buf bl 2.14 2.26 0.49 0.19 0.34 0.19 0.40 
buf b2 3.66 1.80 6.45 4.10 0.64 2.05 2.61 
upl cl 0.70 0.42 0.19 0.22 0.18 0.07 0.14 
upl c2 1.29 0.60 0.20 0.14 0.12 0.03 0.18 
msh dl 2.56 0.51 1.44 1.89 0.86 2.25 3.60 
'~ msh d2 2.18 1.38 1. 37 1. 76 0.89 2.17 2.58 
site #2 
fld 11 0.90 0.29 0.14 0.33 1.41 1.17 
fld 12 1. 33 0.47 0.90 0.12 0.35 0.90 1.14 
buf 21 0.26 1.35 0.53 0.51 
,.. buf 22 3.30 0.59 
upl 31 1.60 1.51 0.54 0.73 2.36 3.16 
upl 32 0.82 0.91 0.57 0.18 0.42 0.22 1. 77 
erk 1 0.46 0.19 0.22 0.58 0.20 0.17 0.15 
erk 2 0.47 0.18 0.26 0.11 0.18 0.15 0.13 
NOTE: missing values represent either samples lost in processing 
or 11 dry" wells 
AVERAGE VALUES 
site #l 
fld 4.51 2.03 6.65 9.48 2.70 1.12 3.61 
buf 2.90 2.03 3.47 2.15 0.49 1.12 1.51 
upl 1.00 0.51 0.20 0.18 0.15 0.05 0.16 
msh 2.37 0.95 1.41 1.83 0.88 2.21 3.09 
erk 0.47 0.19 0.24 0.35 0.19 0.16 0.14 
site #2 
fld 1.12 0.47 0.60 0.13 0.34 1.16 1.16 
buf 0.26 2.33 0.56 0.26 
upl 0.82 1.26 1.04 0.36 0.58 1.29 2.47 
erk 0.47 0.19 0.24 0.35 0.19 0.16 0.14 
days 1 14 28 41 56 70 84 
24 
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FIGURE 6. Site #l groundwater well nitrite concentrations 
(micromolar) measured during fortnightly sampling (day 
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FIGURE 7. Site #2 groundwater well nitrite concentrations 
(micromolar) measured during fortnightly sampling (day 
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I TABLE 10. Groundwater well N03 concentrations (micromolar) 
I 
J well id date 
4-3 4-16 4-30 5-13 5-28 6-11 6-25 
site #l 
fld al 66.89 68.75 69.62 68.72 10.91 96.29 78.79 
~ 
fld a2 70.42 67.92 75.43 10.02 77 .09 
buf bl 71.21 69.95 74.73 83.71 12.48 76.61 78.76 
buf b2 63.31 48.66 46.85 10.30 2.52 44.55 77 .83 
upl cl 1.64 0.73 3.19 0.20 1.58 2.53 1. 73 
upl c2 1.50 1.34 0.56 0.88 1.67 1.51 
msh dl 0.00 0.34 0.00 0.00 0.00 0.00 0.00 
i~ msh d2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
site #2 
fld 11 68.74 72.33 70.36 85.05 73.43 83.01 
fld 12 74.03 67.92 72.65 81.28 67.15 77. 74 85.04 
buf 21 2.41 3.35 1.24 0.10 
:~ buf 22 0.52 1. 98 
upl 31 3.45 1.44 1. 38 1.03 0.00 7.30 
upl 32 6.01 1.85 2.90 6.92 3.07 9.10 79.89 
erk 1 21.16 7.29 6.82 0.00 2.60 1. 72 0.01 
crk2 23.45 7.24 2.32 0.06 0.08 0.37 0.02 
NOTE: missing values represent samples lost in processing 
or 0 dry" wells 
AVERAGE VALUES 
12\ site #l 
fld 68.66 34.38 68. 77 72.08 10.47 86.69 39.40 
buf 67.26 59.31 60.79 47.00 7.50 60.58 78.30 
upl 1.57 0.37 2.27 0.38 1.23 2.10 1.62 
msh 0.00 0.17 0.00 0.00 0.00 0.00 0.00 
erk 22.31 7.27 4.57 0.03 1.34 1.05 0.02 
site #2 
fld 71.39 67.92 72.49 75.82 76.10 75.59 7.30 
buf 2.41 1.94 1.61 0.10 0.00 0.00 
upl 6.01 2.65 2.17 4.15 2.05 4.55 43.60 
erk 22.31 7.27 4.57 0.03 1.34 1.05 0.02 
.l.lll\ 




FIGURE 8. Site #l groundwater well nitrate concentrations 
(micromolar) measured during fortnightly sampling (day 
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sampling date, a similar pattern was detected on Site #2 (see Table 10 and 
Figure 9). 
Phosphate concentrations in groundwater at Site #l showed no regular 
pattern of increase or decrease along the transect during the course of this 
study (see Table 11 and Figure 10). The one instance in which the phosphate 
level in the field edge well was above 3 micromolar (the first sampling 
date), there was a decrease in concentrations through the forested buffer 
strip. This may be the only time there was a significant load of phosphate 
moving out of the field in groundwater (shortly after planting and 
fertilization). The marsh wells always had phosphate concentrations in 
excess of any of the wells in the forested buffer strip. At Site #2 the 
phosphate concentrations were always 3 micromolar or less and no consistent 
pattern of concentrations through the buffer strip emerged (see Table 11 and 
Figure 11). 
On 4 May 1987 a rainstorm moved across the study area dropping and 
estimated 0.6 inch of rain. Results of groundwater well sampling 
immediately following the rainfall event and again 1, 2, 4, 7 and 10 days 
after the event are reported in Tables 12, 13, 14 and 15. As in the 
preceeding tables, individual measurements are reported in the top portion 
of each table and average values are reported in the bottom portion. 
Results of the rain event study are graphed in sequence with the routine 
fortnightly sampling in Figures 12 through 19. 
The time series response of ammonia concentrations in the field edge 
wells on Site #l indicated a slight increase in ammonia (to almost 11 
micromolar) the day of the rainfall followed by a decrease to levels 
approximately one half that amount (less than 5 micromolar)(see Table 12 and 
Figure 12). After an initial small drop, buffer strip well ammonia 
29 
FIGURE 9. Site #2 groundwater well nitrate concentrations 
(micromolar) measured during fortnightly sampling (day 
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TABLE 11. Groundwater well o-P04 concentrations (micromolar) 
well id date 
4-3 4-16 4-30 5-13 5-28 6-11 6-25 
site #l 
fld al 4.50 0.70 0.50 0.85 0.53 3.92 2.40 
fld a2 8.80 1.11 0.76 1.48 
buf bl 2.40 2.10 0.20 0.08 0.20 0.13 0.16 
buf b2 2.70 0.40 2.94 1.44 1.09 0.59 
upl cl 1.40 1.10 0.50 1. 94 0.98 1.61 1.07 
upl c2 2.10 1.60 0.90 0.81 0.80 1.54 0.82 
msh dl 7.90 2.80 5.50 7.15 7.96 9.39 7.33 
• msh d2 5.60 4.90 4.60 4.51 7.06 5. 77 4.73 
site #2 
fld 11 0.80 0.10 0.04, 0.22 0.52 0.08 
fld 12 0.80 0.20 0.40 0.03 0.40 0.31 0.09 
buf 21 0.50 1.20 0.30 0.11 
buf 22 3.00 0.40 
upl 31 1. 20 1.00 0.63 0.78 2.34 3.22 
upl 32 0.70 0.60 0.00 0.10 0.10 0.34 0.89 
erk 1 0.20 0.00 0.10 0.30 1.04 0.74 0.16 
erk 2 0.20 0.00 0.00 0.17 1.14 0.85 0.10 
NOTE: missing values represent either samples lost in processing 
or "dry" wells 
AVERAGE VALUES 
~ site #l 
fld 6.65 0.70 0.50 0.98 0.65 2.70 2.40 
buf 2.55 1. 25 0.20 1.51 0.82 0.61 0.38 
upl 1. 75 1. 35 0.70 1. 38 0.89 1.58 0.95 
msh 6.75 3.85 5.05 5.83 7.51 7.58 6.03 
erk 0.20 0.00 0.05 0.24 1.09 0.80 0.13 
site #2 
fld 0.80 0.20 0.25 0.04 0.31 0.42 0.09 
buf 0.50 2.10 0.35 0.11 
upl 0.70 0.90 0.50 0.37 0.44 1.34 2.06 
erk 0.20 0.00 0.05 0.00 1.09 0.80 0.13 
days 1 14 28 41 56 70 84 
31 
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FIGURE 10. Site #l groundwater well orthophosphate 
concentrations (micromolar) measured during 
fortnightly sampling (day 1 = April 3, 1987) 
32 
) ) ) 














1 14 28 41 56 70 84 
fZZJ fld IS\l buf 
time In days -,wA-- upl ~ msh 1XX1 cr1c 
FIGURE 11. Site #2 groundwater well orthophosphate 
concentrations (micromolar) measured during 
fortnightly sampling (day 1 = April 3, 1987) 
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TABLE 12. Groundwater well NH4 concentrations (micromolar) 
following 4 May 1987 rainfall event 
well id date 
5-4 5-5 5-6 5-8 5-11 5-13 
site #l 
fld al 10.98 6.18 6.23 3.08 6.29 5.11 
fld a2 3.87 5.97 2.78 5.29 3.65 
buf bl 2.87 2.89 5.85 1.51 3.22 3.98 
buf b2 3.86 10.00 6.36 4.03 5.74 2.30 
upl cl 15.90 17.31 12.36 13.50 12.91 12.61 
upl c2 13.27 16.36 14.00 15.06 15.62 17.18 
msh dl 4. 71 24.15 20.63 7.58 3.08 9.07 
msh d2 29.05 42.37 33.75 3.36 7.01 29.04 
site #2 
fld 11 4.22 4.57 4.24 3.46 3.04 3.45 
fld 12 3.56 4.43 4.28 1. 30 3.02 2.93 
buf 21 3.92 3.44 3.81 1.10 3.08 2.45 
buf 22 2.67 2.21 3.26 1. 26 
upl 31 7.01 9.62 7.64 7.92 9.22 2.49 
upl 32 8.01 3.92 6.82 5.73 16.98 3.17 
erk 1 3.48 13.99 8.03 33.60 2.79 7.18 
erk 2 3.48 13.95 9.19 4.02 2.30 7.54 
NOTE: missing values represent either samples lost in processing 
or "dry" wells 
~ AVERAGE VALUES 
site #l 
fld 10.98 5.03 6.10 2.93 5.79 4.38 
buf 3.37 6.45 6.11 2. 77 4.48 3.14 
upl 14.59 16.84 13.18 14.28 14.27 14.90 
msh 16.88 33.26 27.19 5.47 5.05 19.06 
erk 3.48 13.97 8.61 18.81 2.55 7.36 
site #2 
fld 3.89 4.50 4.26 2.38 3.03 3.19 
buf 3.30 2.83 3.54 1.18 3.08 2.45 
upl 7.51 6.77 7.23 6.83 13.10 2.83 
erk 3.48 13.97 8.61 18.81 2.55 7.36 
days 32 33 34 36 39 41 
34 
FIGURE 12. Site #l groundwater well ammonia concentrations 
(micromolar) measured during pilot study sampling 
(day 1; April 3, 1987). Rainfall event occurred May 
4, 1987 on day 32 and samples to monitor that event 
were collected on days 32, 33, 34, 36, 39 and 41. 
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concentrations generally tracked the field edge levels. At Site #2 field 
edge well ammonia levels appeared to decrease slightly following the 
rainfall and they were tracked by the buffer strip well concentrations (see 
Table 12 and Figure 13). It is noteworthy that the most marked responses 
occurred in the marsh and creek ammonia levels and it is unlikely that these 
were the effects of the subsurface transport of materials from the buffer 
strip. The field edge and buffer strip well concentrations were all within 
the range of concentrations detected during the fortnightly sampling which 
generally did not correspond with rainfall events. 
Nitrite concentrations at both Site #land Site #2 were generally lower 
in buffer strip wells than in field edge wells following the rainfall event 
(see Table 13 and Figures 14 and 15). The pattern of response was somewhat 
similar, but in the case of Site #2, occurred at much lower levels (1 
micromolar or less) than Site #l (1 to 11 micromolar). In general, only the 
field wells at Site #l had elevated concentrations of nitrite. All other 
wells on both sites had concentrations below 3.3 micromolar. 
Nitrate concentrations in field edge wells at both sites increased 
slightly following the rainfall event and then decreased to approximately 
earlier levels (see Table 14 and Figures 16 and 17). Site #l was noticeably 
more variable than Site #2. In both cases concentrations of nitrate 
decreased from the field edge wells to the buffer strip wells. Averaged 
over the six sampling periods following the rainfall event, the decreases 
were 23% on Site #land 98% on Site #2. 
Phosphate concentrations at both sites increased slightly in field edge 
wells following the rainfall event and then returned to approximately 
previous levels (see Table 15 and Figures 18 and 19). In both cases, buffer 
strip well concentrations increased to levels slightly above field edge 
36 
FIGURE 13. Site #2 groundwater well ammonia concentrations 
(micromolar) measured during pilot study sampling 
(day 1 = April 3, 1987). Rainfall event occurred May 
4, 1987 on day 32 and samples to monitor that event 
were collected on days 32, 33, 34, 36, 39 and 41. 
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TABLE 13. Groundwater well N02 concentration (micomolar) 
following 4 May 1987 rainfall event 
well id date 
5-4 5-5 5-6 5-8 5-11 5-13 
site #l 
fld al 7.86 4.19 1. 39 7.89 18.02 14.48 
fld a2 3.27 1. 31 4.10 4.44 4.47 
buf bl 2.54 0.43 0.30 0.26 0.20 0.19 
buf b2 0.48 1. 76 4.30 4.01 6.40 4.10 
upl cl 0.15 0.30 0.44 0.22 0.23 0.22 
upl c2 0. 71 0.46 0.80 0.12 0.09 0.14 
msh dl 1.30 1. 73 2.36 2.05 1. 71 1. 89 
msh d2 1.63 2.08 2.05 2.59 3.17 1. 76 
site #2 
fld 11 0. 72 1.07 0.36 0.51 0.55 0.14 
fld 12 0.37 0.92 0.40 0.59 0.56 0.12 
,ei buf 21 0.19 0.64 1.54 0.33 0.48 0.51 
buf 22 0.16 0.23 0.27 0.35 
upl 31 0.69 0.93 2.68 0.70 0.71 0.54 
upl 32 0.21 0.23 0.61 0.36 0.18 0.18 
erk 1 0.27 0.26 0.32 0.45 0.17 0.58 
erk 2 0.29 0.26 0.30 0.45 0.15 0.11 
NOTE: missing values represent either samples lost in processing 
or "dry" wells 
I 
~ AVERAGE VALUES 
site #l 
fld 7.86 3.73 1. 35 6.00 11.23 9.48 
buf 1. 51 1.10 2.30 2.14 3.30 2.15 
upl 0.43 0.38 0.62 0.17 0.16 0.18 
msh 1.47 1. 91 2.21 2.32 2.44 1.83 
erk 0.28 0.26 0.31 0.45 0.16 0.35 
site #2 
fld 0.55 1.00 0.38 0.55 0.56 0.13 
buf 0.18 0.44 0.91 0.34 0.24 0.26 
upl 0.45 0.58 1. 65 0.53 0.45 0.36 
erk 0.28 0.26 0.31 0.45 0.16 0.35 
.All!\ 




Site #l groundwater well nitrite concentrations 
(micromolar) measured during pilot study sampling 
(day 1 = April 3, 1987). Rainfall event occurred May 
4, 1987 on day 32 and samples to monitor that event 
were collected on days 32, 33, 34, 36, 39 and 41. 
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FIGURE 15. Site #2 groundwater well nitrite concentrations 
(micromolar) measured during pilot study sampling 
(day 1 = April 3, 1987). Rainfall event occurred May 
4, 1987 on day 32 and samples to monitor that event 
were collected on days 32, 33, 34, 36, 39 and 41. 
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TABLE 14. Groundwater well N03 concentration (micromolar) 
following 4 May 1987 rainfall event 
well id date 
5-4 5-5 5-6 5-8 5-11 5-13 
site #l 
fld al 68.79 69.91 79.99 70.15 45.38 68. 72 
fld a2 69.85 78.53 75.34 62.06 75.43 
buf bl 74.64 75.83 80.46 39.74 74.70 83. 71 
buf b2 21.87 45.87 24.86 6.42 10.30 
upl cl 1. 27 1.17 6.96 1.34 1. 37 0.20 
upl c2 1.32 0.43 4.15 1. 71 1.52 0.56 
~ msh dl 0.00 0.00 0.00 0.00 0.00 0.00 
msh d2 0.00 0.00 0.00 0.00 0.00 0.00 
site #2 
fld 11 73.50 74.19 81.92 77 .99 70.85 70.36 
fld 12 75.10 75.32 82.08 79.81 71.44 81. 28 
buf 21 0.88 1. 78 0.00 3.64 0.18 0.10 
buf 22 3.43 2.75 4.60 4.73 
upl 31 1.04 1.59 5.30 1.82 1.42 1.38 
upl 32 0.66 0.30 0.20 1.61 2.22 6.92 
erk 1 6.86 0.46 6.01 74.35 0.12 0.00 
crk2 6.74 0.79 2.92 74.89 0.00 0.06 
NOTE: missing values represent samples lost in processing 
or "dry" wells 
~ AVERAGE VALUES 
site #l 
fld 34.40 69.88 79.26 72. 75 53. 72 72.08 
buf 48.26 60.85 52.66 19.87 40.56 47.00 
upl 1.30 0.80 5.56 1.53 1.45 0.38 
msh 0.00 0.00 0.00 0.00 0.00 0.00 
erk 6.80 0.63 4.47 74.62 0.06 0.03 
site #2 
fld 74.30 74.76 82.00 78.90 71.15 75.82 
buf 2.16 2.27 2.30 4.19 0.18 0.10 
upl 0.85 0.95 2.75 1. 72 1. 82 4.15 
erk 6.80 0.63 4.47 74.62 0.06 0.03 
days 32 33 34 36 39 41 
41 
FIGURE 16. Site #l groundwater well nitrate concentrations 
(micromolar) measured during pilot study sampling 
(day 1 = April 3, 1987). Rainfall event occurred May 
4, 1987 on day 32 and samples to monitor that event 
were collected on days 32, 33, 34, 36, 39 and 41. 
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FIGURE 17. Site #2 groundwater well nitrate concentrations 
(micromolar) measured during pilot study sampling 
(day 1 = April 3, 1987). Rainfall event occurred May 
4, 1987 on day 32 and samples to monitor that event 
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TABLE 15. Groundwater well o-P04 concentrations (micromolar) 
following 4 May 1987 rainfall event 
well id date 
5-4 5-5 5-6 5-8 5-11 5-13 
site #l 
fld al 6.53 4.00 0.29 0.38 0.21 0.85 
fld a2 0.80 a.so 0.84 0.86 1.11 
buf bl 0.12 0.20 0.14 0.09 0.06 0.08 
buf b2 1.50 0.50 1. 91 2.85 3.47 2.94 
upl cl 1.91 1. 70 1.58 1. 93 1. 95 1.94 
upl c2 2.37 1.30 1.03 0.72 0.71 0.81 
msh dl 4.57 6.70 7.20 8.99 9.90 7.15 
msh d2 6.30 6.20 6.78 7.47 8.86 4.51 
site #2 
fld 11 0.17 a.so 0.13 0.11 0.04 0.04 
fld 12 0.06 0.40 0.13 0.17 0.04 0.03 
buf 21 0.00 0.50 0.45 0.24 0.36 0.11 
buf 22 0.00 0.20 0.15 0.25 
upl 31 0.46 0.70 0.67 0.73 0.54 0.63 
upl 32 0.00 0.00 0.13 0.29 0.20 0.10 
erk 1 0.06 0.20 0.26 0.22 0.14 0.30 
erk 2 0.00 0.00 0.13 0.15 0.07 0.17 
NOTE: missing values represent either samples lost in processing 
or "dry" wells 
AVERAGE VALUES 
site #l 
fld 6.53 2.40 0.40 0.61 0.54 0.98 
buf 0.81 0.35 1.03 1.47 1. 77 1.51 
upl 2.14 1.50 1. 31 1. 33 1. 33 1.38 
msh 5.43 6.45 6.99 8.23 9.38 5.83 
erk 0.03 0.10 0.20 0.19 0.11 0.24 
site #2 
fld 0.12 0.45 0.13 0.14 0.04 0.04 
buf 0.00 0.35 0.30 0.25 0.36 0.11 
upl 0.23 0.35 0.40 0.51 0.37 0.37 
erk 0.03 0.10 0.20 0.19 0.11 0.00 
days 32 33 34 36 39 41 
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FIGURE 18. Site #l groundwater well orthophosphate 
concentrations (micromolar) measured during pilot 
study sampling (day 1 = April 3, 1987). Rainfall 
event occurred May 4, 1987 on day 32 and samples to 
monitor that event were collected on days 32, 33, 34, 
36, 39 and 41. 
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FIGURE 19. Site #2 groundwater well orthophosphate 
concentrations (micromolar) measured during pilot 
study sampling (day 1 = April 3, 1987). Rainfall 
event occurred May 4, 1987 on day 32 and samples to 
monitor that event were collected on days 32, 33, 34, 
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levels during the course of the rainfall study (10 days). It is noteworthy 
that Site #2 concentrations were generally much lower than Site #l 
concentrations. 
DISCUSSION 
Site Selection. Based on the work carried out in this study and on 
work reported in the literature (e.g. Dillaha et al. 1986), the selection of 
a particular site for study seems likely to have a significant influence on 
the findings. The site variables listed in Table 4 (page 16) are by no means 
an exhaustive compilation. Rather they are the obvious differences found 
during site reviews in the York River basin. The performance of a buffer 
strip is most likely controlled by the interplay of four factors: (1) the 
quality of water entering the buffer strip; (2) the speed of transit through 
the buffer strip; (3) the pathway through the buffer strip; and (4) the 
biological and chemical composition of the buffer strip. 
The quality of water entering the buffer strip is controlled in part by 
the characteristics of the field discharging the runoff or groundwater. It 
is also influenced by the fertilization practice and time of year. While we 
have not documented seasonal trends in runoff quality in this study, it is 
reasonable to expect the concentration of nutrients to peak at the time of 
fertilizer application in the spring and then decline subsequently, perhaps 
with minor peaks associated with tillage and harvest practices. The 
groundwater samples collected at the field edge during this study do not 
provide convincing evidence of a spring nutrient loading. Concentrations of 
nutrients moving into the buffer strip in the groundwater did not exhibit 
any consistent trends over the short duration of this study. 
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The speed and path of water movement through a buffer strip is 
controlled by slope and sediment characteristics in both the field and the 
buffer strip. On the sites reviewed for this study, sheetflow through a 
buffer strip was rare. Instead runoff was generally channelized as it left 
fields, effectively reducing the area of buffer strip in contact with the 
water. On sites with very sandy soils, such as the sites used in this 
study, surface runoff was relatively low. Much of the surface water was 
able to infiltrate the sediment column before passing through the entire 
buffer strip. Only the heaviest rainfall events are capable of producing a 
substantial throughput of surface water (no such event occurred during this 
study, although erosion channels indicated similar events had occurred on 
both sites #land #2). On fields with greater clay content in surface 
sediments and particularly on sites with an aquaclude or aquatard layer just 
below the surface sediments, a much greater percentage of rainfall appears 
to leave the field and pass through the buffer strip as surface runoff. As 
a consequence, buffer strips in sandy, well drained settings have a 
potentially greater opportunity to interact with dissolved nutrients 
transported from an agricultural field. Infiltration of runoff not only 
reduces its rate of transit through the buffer strip (groundwater generally 
moving much more slowly than surface water) but also potentially increases 
the area of buffer strip brought into contact with the transported nutrients 
(groundwater generally being much less channelized than surface water). 
Once dissolved nutrients have entered the buffer strip, the biological 
and chemical composition of the area should clearly affect the uptake or 
immobilization of those compounds. This study did not provide an 
opportunity to specifically investigate the correlation between site 
composition and reduction in nutrient loading. One observation is 
48 
noteworthy however. The two sites utilized differed primarily in the age 
structure of the canopy, Site #l being much younger (probably <10 years) 
than Site #2 (probably >40 years). The sampling indicated a consistent 
substantial reduction in nitrate concentrations in the shallow groundwater 
moving through the buffer strip at Site #2, while no similar reduction was 
detected at Site #l. This observation requires further investigation, 
particularly in light of suggestions that periodic harvesting of forested 
buffer strips may maintain them at higher nutrient removal efficiencies. 
In summary, the selection of a study site has the potential to 
significantly affect the findings. For work in the York River basin, and 
potentially the entire coastal plain, particular attention seems warranted 
to ensure studies include both poorly drained and well drained sites. This 
is due to the differing proportions of water movement in surface, interflow, 
and shallow groundwater pathways typical of each type of site. Inclusion of 
a variety of vegetation types may also be an appropriate objective, 
particularly with the goal of evaluating management plans for forested 
buffer strips. 
Water Sampling. The single successful rainfall/throughfall collection 
suggests that precipitation is a mechanism for recycling at least some of 
the nutrients held within the buffer strip. Inorganic phosphorus in 
particular appears to have been flushed from aerial plant parts during the 
sampled event. The significance of this occurrence is not clear in this 
study, in part because there was no surface runoff to intercept the 
throughfall before it infiltrated the soil. In the absence of a mechanism 
for rapid transport out of the buffer strip, precipitation inputs of 
nutrients may simply be recycled. 
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The difficulty experienced in this study attempting to collect 
uncontaminated precipitation and throughfall samples of sufficient volume to 
support nutrient analyses led to a sampling design which employs multiple 
samplers. This design permits only uncompromised samples to be composited 
for analysis. Compositing not only permits generation of adequate volumes 
from even relatively minor rainfalls, but also tends to reduce estimate 
error due to intrasite variations. 
The calculation of potential discharge rates based on water table 
elevations and soil permeability indicates that groundwater movement through 
the buffer strip at the study site may be moderately rapid. The calculated 
discharges per meter of buffer strip imply velocities through the arbitrary 
cross sections at Site #land Site #2 of 38 and 87 centimeters per day 
respectively. If these velocities are taken as representative of water 
movement in the upper layer of groundwater, then transit time through the 
entire forested buffer strip would be about 69 days at Site #land about 61 
days at Site #2. 
The coefficient of permeability (sometimes referred to as the hydraulic 
conductivity) estimated for these study sites was relatively high. These 
sites were characterized by medium to coarse sands at the level of the water 
table. It is probable that many sites in the York River basin, particularly 
the low poorly drained sites, possess coefficients of permeability of 
-5 -1 10 cm sec or less. At this scale of movement, it is unlikely that 
monitoring shallow groundwater will demonstrate any short term responses of 
the buffer strip to precipitation mediated nutrient loading. Sampling on a 
fortnightly or monthly schedule is probably appropriate to establish 
seasonal trends and standing stocks from which fluxes can be inferred. 
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Sampling of interflow, which was not particularly successful in this 
study, is probably of greater importance at those sites characterized by 
shallow aquacludes or aquatards. Many of the agricultural fields in the 
York River basin fall into this category, possessing a thin veneer of sandy 
loam over a relatively thick clay layer. It was clear during the original 
site selection for this study that in such settings a significant amount of 
water can move from field to buffer strip via interflow. Indeed, many 
farmers install drain fields in poorly drained croplands to expedite the 
export of the water in shallow soil horizons. 
Buffer Strip Performance. This study provides limited support to the 
hypothesis that forested buffer strips serve as a natural sink for nutrients 
transported from croplands by water movement. The data generated in this 
study can be utilized in four lines of analysis: (1) interpretation of 
surface runoff data; (2) analysis of the groundwater well data set assuming 
steady state conditions; (3) analysis of the groundwater well data set as a 
time series; and (4) interpretation of the rainfall event data set as 
documentation of vertical water movement. Due to the very short duration of 
this study, the data set is not large enough to support a meaningful 
statistical analysis. As a consequence, all of the following observations 
will require confirmation by further study. 
The surface runoff analyses are certainly the easiest to interpret. 
The difference in nutrient concentration of water entering the buffer strip 
and water which has transited the buffer strip provides a clear indication 
of buffer strip performance. In this study surface runoff moving across ten 
meters of forested buffer strip experienced a 39% reduction in ammonia 
concentration, an 89% reduction in nitrite concentration, a 96% reduction in 
nitrate and a 1% reduction in phosphate concentration. These results 
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represent a single successful field collection of runoff and clearly require 
confirmation on this study site as well as others. 
Interpretation of the shallow groundwater well sampling program can be 
viewed in two ways. Given that the lateral movement of groundwater between 
well sites is estimated to occur on a time scale of weeks, well nutrient 
concentration measurements from a single sampling date can only be compared 
if one makes the assumption that the buffer strip is performing in a steady 
state, i.e. input and output of nutrients are essentially constant. 
Intuitively, one would assume the input of nutrients to the buffer strip 
should vary at least seasonally. Sampling for this study did not cover a 
long enough time period to assess that hypothesis. It is possible that the 
study site was basically in a steady state condition during the three month 
sampling period. If that were the case then comparison of wells along the 
two transects suggests that as water moves from fields to adjacent tidal 
waters in the shallow groundwater the concentration of nitrate is 
significantly reduced while the other nutrient species remain relatively 
unaffected. 
If one does not wish to make the assumption that the buffer strip was 
behaving in a steady state fashion, the fortnightly sampling data set can be 
interpreted utilizing estimates of groundwater transit time through the 
buffer strip. In this approach field edge well samples are assumed to 
represent input to the buffer strip at time 0. These values are compared to 
upland edge well samples (representing the output from the buffer strip) 
which were collected at a later sampling date, where the difference between 
the sampling dates approximates the groundwater transit time between well 




TABLE 16. Comparison of nutrient concentrations in field edge well and 
upland edge well samples temporally separated by the transit 
time for groundwater between the two. (values are% change 
relative to the field edge well. 
well sample dates 
"fld" "upl" NH4 N02 N03 P04 
Site #l 
4-3 6-11 +118% -99% -97% -76% 
4-16 6-25 +112% -92 -95 +36% 
Site #2 
4-3 5-28 +9% -48% -97% -45% 
4-16 6-11 +691% +174% -93% +570% 
4-30 6-25 -73% +312% -40% +724% 
AVERAGE +171% +49% -84% +242% 
Using this analytical approach, nitrate is the only nutrient species in the 
data set which is consistently affected by the buffer strip. Clearly the 
buffer strip has the capacity to substantially reduce the nitrate 
concentration of groundwater moving from cropland to creek. Results for 
other inorganic nutrients in this study were quite variable but involved 
much smaller amounts. 
The nutrient sink hypothesis is also supported by a comparison of the 
precipitation born nutrient loading and the concurrent sampling of 
groundwater wells. Since the lateral transport of groundwater at the study 
sites occurred on a time scale of weeks, it is unlikely that adjacent wells 
accurately reflect the short term processes affecting nutrients introduced 
to the buffer strip by precipitation. It is possible however, that the 
several day time series of samples from a single well might document the 
consequences of rainfall percolating down through the soil profile above the 
water table in the buffer strip. Reviewing the records from the buffer 
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strip well at Site #l during the rainfall study, it appears that inflection 
points in nutrient concentration were reached for each nutrient species on 
day 4 or day 7. If this can be interpreted as the time at which water 
deposited by the rain event reached the water table after passing through 
the overlying soil horizons, then calculations of nutrient uptake/release 
are possible. The change in groundwater nutrient concentration upon arrival 
of the rain water can be used to calculate what the nutrient concentration 
of the rainwater must be when it reaches the water table. In order to make 
accurate calculations it is necessary to know or estimate the amount of 
rainwater passing through the soil to the water table and the volume of 
groundwater mixing with the rainwater. For purposes of this discussion it 
is estimated that 50% of incident rainfall reaches the groundwater. It is 
also assumed that the shallow well array effectively samples the top 10 
centimeters of the groundwater and that that is the depth to which rainwater 
mixes. Estimating that water occupies 10% of the volume in the soil horizon 
at the top of the water table implies that there are ten liters of 
groundwater per square meter available to mix with rainwater. If the May 4 
rainfall produced 0.6 inch of rain (1.5 centimeters), then 15 liters of rain 
entered each square meter of soil. Using nitrate as an example, the 
rainfall (which would actually be throughfall on the buffer strip) was 
measured to have a concentration of 85 micromoles per liter. This implies a 
loading of 1280 micromoles per square meter of soil. Prior to the arrival 
of the rain, the groundwater nitrate concentration was measured to be about 
50 micromolar. In ten liters of groundwater this would amount to 500 
micromoles of nitrate. After the rainwater mixed with the groundwater the 
nitrate concentration dropped to about 20 micromolar. If 7.5 liters of 
rainwater mixed with 10 liters of groundwater, the resulting 17.5 liters at 
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a 20 micromolar concentration would contain 350 micromoles of nitrate. The 
fact that the total amount of nitrate has actually decreased despite the 
addition of the rainwater implies that the rainwater must contain no nitrate 
by the time it reaches the groundwater, a 100% reduction in concentration. 
Even if the rainwater merely displaced the groundwater, it would still have 
been reduced from an 85 micromolar concentration to a 20 micromolar 
concentration, a 76% reduction. The suggestion therefore is that the 
surface soil horizon in the forested buffer strip has a capacity to 
chemically or biologically reduce dissolved nitrate levels. The same 
evaluation of this study's results suggest forested buffer strips can reduce 
ammonia loadings but either have no effect or slightly increase nitrite and 
phosphate loadings. 
CONCllJSIONS 
Results of this small pilot study indicate that forested buffer strips 
may be useful as natural or managed control structures for the reduction of 
water born inorganic nutrient fluxes from agricultural fields to adjacent 
water bodies. Nitrate, which was the dominant form of nitrogen entering the 
buffer strip, was consistently removed from water moving through the study 
sites. Effects on other nutrient species (ammonia, nitrite, and inorganic 
phosphate) were not consistently demonstrated in the data collected for this 
study. 
Clearly the results of this study require expansion and confirmation in 
order to prove useful for management decisions. 
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RECOMMENDATIONS 
The experience gained during this study suggests a premium should be 
placed on investigation designs which utilize integrative performance 
indices. It is clearly not easy to study the "real time" behavior of a 
buffer strip. Groundwater movement is difficult to measure with the 
accuracy necessary to mass balance water movement through a small area. 
Rainfall events are difficult to completely describe and occur without 
relationship to analytical needs. Not the least of the problems is the 
natural heterogeneity of forested buffer strips. The spatial scale of 
sampling devices is very difficult to match to the patch scale of the 
system. As a consequence documentation of short term processes requires 
intensive sampling efforts and effectively limits the ability to study 
multiple sites. 
Alternative approaches based on measurement of parameters integrating 
buffer strip performance in both time and space are probably much more 
appropriate for management purposes than detailed analysis of short term 
processes. Parameters such as tissue nutrient standing stocks and sediment 
nutrient profiles can be used in combination with other measurements to 
provide an assessment of long term system behavior. This approach has the 
advantages of not being dependent on measurements which cannot be repeated. 
Additionally, it makes practical the investigation of a much larger number 
of sites, facilitating efforts to assess the importance of system variables. 
In conclusion, the present pilot study has provided some insight to the 
behavior of forested buffer strips and has suggested some limitations in the 
original approach to analyzing that behavior. Assessment of the results and 
experience gained in this project, indicate the needs of management 
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agencies might be well served by a slightly modified approach which can 
better address the number of variables inherent in buffer strip performance. 
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